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Peripheralisolatedpopulationsmayundergorapiddivergencefromthemainpopulationduetovariousfactorssuchasabottleneck
or a founder eﬀect followed by genetic drift or local selection pressures. Recent populations of two economically important
Copadichromis species in Lake Malombe, a satellite lake of Lake Malawi, were neither genetically nor morphometrically distinct
fromtheirsourcepopulationsinthemainlake.Evidencewasfoundforafoundereﬀect whichhadadiﬀerent impactonthegenetic
composition of the two species. In addition, the increased ﬁshing pressure in Lake Malombe may have led to a reduction of the
body sizes of both species.
1.Introduction
Peripheral populations are isolated orsemi-isolated from the
major distribution range of a species. The eﬀects of geo-
graphical or ecological isolation and distinct environmental
conditions can promote peripheral populations to diverge
bothgeneticallyandphenotypicallyfromcorepopulationsas
a result of genetic drift and natural selection [1]. Peripheral
populations are often smaller than core populations which
can predestine such populations to bottleneck events [2].
This leads to the prediction that neutral genetic variations
will be depleted in these populations. Nonetheless, periph-
eralpopulations may signiﬁcantly contributetoa species’ ev-
olutionarypotentialbyprovidingasourceofadaptivegenetic
variance in a particular environmental setting [3, 4].
Taxa with island-like distribution patterns, such as the
endemic cichlid ﬁshes of the East African Great Lakes,
provide an excellent opportunity for the study of evolution-
ary processes. Although many studies on these species have
focussed on mechanisms of intralacustrine diversiﬁcation
within each of the main lakes [5, 6] ,t h eo c c u r r e n c eo f
endemic cichlids in Lake Nabugabo, a satellite lake isolated
from Lake Victoria, initially raised the awareness of the
evolutionary potential of peripheral isolates in the Great
Lake region [7]. However, it was only recently that evidence
was provided for the evolution of a cichlid species in an
isolated satellite lake of Lake Malawi [8]. A genetically and
phenotypically unique population of Rhamphochromis,a
genus previously thought to be restricted to Lake Malawi
and its permanently connected waters, was detected in Lake
Chilingali. These examples suggest a role for (periodic)
peripheral isolates in the evolutionary diversiﬁcation of East
African cichlids. In the present study, we evaluated empirical
data on two economically important cichlid species to test2 International Journal of Evolutionary Biology
whether peripheral populations from Lake Malombe, a
satellite lakeofLakeMalawi, havedevelopeddiﬀerentgenetic
and phenotypic properties after recent colonisation from
Lake Malawi.
LakeMalombeisashallow, turbid,andnutrient-rich lake
of about 390km2 with a maximum depth of only 5–7m.
The lake was formed by the recent (1930s) inundation of a
ﬂood plain of the Upper Shire River, about 15km from its
source in Lake Malawi [9]. Its ichthyofauna dominated by
haplochromine cichlids is similar to that of Lake Malawi, but
its diversity is lower and its relative productivity is higher.
The lake supports an intensive ﬁshery providing nearly 10%
(ca.4,000t.y−1) ofthe total yield (ca. 50–60,000t.y−1)wi t h i n
the Lake Malawi catchment [10, 11]. Since the mid-1980s,
ﬁshing eﬀort on Lake Malombe has increased rapidly and
mesh sizes haveprogressively beenreducedto 19mm oreven
less. Lake Malombe’s haplochromine ﬁshery yielded 9,500
tons in 1990 but this ﬁgure has declined to less than 4,000
tons in 2001 [12]. Among the economically most important
haplochromines, Copadichromis sp. “Virginalis kajose”( c i t e d
as C. virginalis) landings declined by more than 50%, from
937t.y−1 in 1991 to 412t.y−1in 2001, while in contrast,
C. chrysonotus catches increased from about 120t.y−1 to
510t.y−1 over the same time period with a similar ﬁshing
eﬀort [12].
Their semi-isolated state, the distinct habitat conditions
and the elevated ﬁshing pressure, may have caused the
Lake Malombe populations of Copadichromis sp. “Virginalis
kajose”a n dC. chrysonotus to be susceptible to genetic and
phenotypic divergence from their conspeciﬁcs in the main
lake. It has been shown that the genetic variability of a
population can be substantially reduced as a result of a
founder eﬀect following colonization and/or elevated ﬁshing
mortality [13, 14]. To test for a depletion of the genetic
variability in the Lake Malombe populations, we analysed
mitochondrial DNA (mtDNA) sequence data and microsat-
ellite DNA variation. MtDNA variation is particularly sen-
sitive to bottlenecks and random ﬂuctuations in genotype
frequencies, as its eﬀective population size is one-fourth
of nuclear alleles [15]. Microsatellites may be particularly
informative in detecting structure among recently colonized
or geographically proximal populations because of the much
highermutationrate thanformtDNA[16].Furthermore, we
looked for morphometric diﬀerences between populations
from lakes Malombe and Malawi in response to the distinct
habitatconditions.Haplochrominecichlidshavebeenshown
to be morphologically exceedingly versatile in response to
environmental factors [17–19]. We expected morphometric
diﬀerences between populations from Lake Malombe and
Lake Malawi to be higher than among populations within
Lake Malawi.
2.Materialsand Methods
2.1. Sample Collection. A total of 427 C. sp. “Virginalis
kajose”and 192C. chrysonotusspecimenswere sampled from
one site in Lake Malombe and, respectively, seven and two
localities in Lake Malawi (Figure 1). All ﬁshes were collected
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Figure 1: Map of Lakes Malawi and Malombe, East Africa.
Sampling localities for Copadichromis sp. “Virginalis kajose”a n d
C. chrysonotus are shown. Dashed bathymetric line indicates zones
deeper than 250 metres; dark grey areas indicate lake zones deeper
than 500 metres.
with open water seines (chirimila nets), purse seines (nkacha
nets), and beach seines by artisanal ﬁshermen, except for
one sample of C. sp. “Virginalis kajose” that was caught
by a commercial trawler. Pelvic ﬁn clips were preserved
in absolute ethanol and stored at room temperature. The
specimens were ﬁxed in 10% formalin and are curated at the
R o y a lM u s e u mf o rC e n t r a lA f r i c ai nT e r v u r e n ,B e l g i u m .A l l
available samples were used in the analysis of microsatellite
DNA variability, except for C. chrysonotus from Senga Bay
because of its low sample size. A subset of ten to twelve
samples per species per locality were sequenced for an
analysis of mtDNA haplotype variation, except for C. sp.
“Virginalis kajose” from Lake Malombe of which a total of 24
specimens were sequenced. For the morphological analysis,
we examined approximately 20 specimens per species from
each locality.
2.2. DNA Preparation and Ampliﬁcation. Total genomic
DNA was extracted using proteinase K digestion and salt
precipitation, according to Aljanabi and Martinez [20].
DNA extracts were resuspended in 100μL of autoclaved
ddH2O. All samples were examined for genetic variation at
6 microsatellite markers: Pzeb1, Pzeb3, Pzeb4, Pzeb5 [21],
UNH002 [22], and TmoM11 [23]. PCRs were performed
under the following conditions: 94◦C for 120s, followed by 5
cycles of 94◦C for 45s, 55◦Cf o r4 5s ,a n d7 2 ◦Cf o r4 5s ,a n d
followed by30cyclesof90◦Cfor30s,55◦Cf or30s ,and72 ◦C
for30s, followedby72◦Cfor10min. 10μLr eactioncocktails
included 1μLt e m p l a t eD N A ,0 . 5μM of each primer, 200μMInternational Journal of Evolutionary Biology 3
of each dNTP, 0.26 units Taq polymerase (Sigma Aldrich,
Germany), and 1μL 10x reaction buﬀer (Sigma Aldrich).
PCR ampliﬁcation products were run on 6% denaturing
polyacrylamide gels using an ALF Express DNA Sequencer
(Amersham Pharmacia Biotech). Fragment sizes were scored
with ALFWin Fragment Analyser v1.0 (Amersham Phar-
macia Biotech), using M13mp8 DNA standards as external
references, following van Oppen et al. [21].
Mitochondrial DNA sequence variation was examined
in a 325bp fragment of the control region (D-loop). PCR
ampliﬁcation was carried out in a 25μLb u ﬀered reaction
mixture, containing 5μLt e m p l a t eD N A ,0 . 5 μMo fe a c h
primer, H16498 and L15995 [24], 200μMo fe a c hd N T P ,
2.5μLof10xbuﬀer(1mMMgCl2),and0.65unitsofRedTaq
Polymerase (Sigma Aldrich). PCR conditions consisted of an
initial denaturationat94◦Cfor120s, followed by35cyclesof
94◦C for 60s, 52◦Cf o r6 0s ,a n d7 2 ◦C for 120s, followed by
72◦Cfor10min. Thesuccessofampliﬁcation wascheckedby
electrophoresis on 1% agarose gel. The PCR products were
puriﬁed following the qiaquick PCR puriﬁcation kit proto-
col, prior to being added as template for chain-termination
sequencing,carriedoutin10μLreaction volumes,using2μL
puriﬁed DNA template, 1μL5 xS e q u e n c i n gB u ﬀer (Applied
Biosystems), 2μL Ready Reaction Mix (AppliedBiosystems),
and 2μL primer (L15995, 2μM). The sequencing program
consisted of an initial denaturation step at 96◦Cf o r6 0 s ,
followed by 25 cycles of 96◦C for 10s, 50◦Cf o r5 s ,a n d
60◦C for 240s. DNA fragments were puriﬁed by ethanol
precipitationand subsequentlyvisualized ona 3130capillary
sequencer (Applied Biosystems).
2.3. Analysis of DNA Variation. Nuclear genetic diversity
estimates, such as allele numbers and observed and unbiased
expected number of heterozygotes at each locus, were cal-
culated using GENETIX 4.02 [25]. Departures from Hardy-
Weinberg equilibrium and linkage disequilibrium were
tested using exact tests as implemented by GENEPOP 3.3
[26]. Signiﬁcance levels were obtained by the Markov chain
method using 5,000 dememorisations, 500 batches, and
2,000iterationsperbatch.Allelicrichness(AR)andestimates
of global population diﬀerentiation using Wright’s FST [27]
and pairwise FST values, estimated by θ [28], were calculated
in FSTAT 2.9.3[29]. Signiﬁcance of FST values was calculated
in Genepop by the Markov chain method using 5,000
dememorisations, 2,000permutations,and 500batchesinan
exact test for population diﬀerentiation. Recent population
size reduction was examined by testing for heterozygosity
excess and mode shift in allele frequency with the program
BOTTLENECK1.2.02[30]. Following therecommendations
b yL u i k a r ta n dC o r n u e t[ 31] for microsatellite data, we used
the Wilcoxon signed-rank test with a two-phased model of
mutation (TPM). The parameters chosen for TPM were:
variance30%andprobabilityforSMM70%,andestimations
were based on 1000 iterations.
After manual correction in Chromas 1.45, the mtDNA
sequences were aligned using ClustalW [32] and visually
checked afterwards. Haplotype frequencies, number of seg-
regating sites, mean number of pairwise diﬀerences, gene
diversity (H), and nucleotide diversity (π)w e r ec a l c u l a t e d
with DNAsp [33]. For the two ﬁsh species, a mtDNA
haplotype network was constructed with the program TCS
(v. 1.21) using statistical parsimony [34].
2.4. Analysis of Morphometric Variation. We measured 19
metric characters (Figure 2) as deﬁned by Snoeks [35].
The measurements were taken with dial callipers under a
binocular microscope. The 19 measurements were standard
length (SL), body depth (BD), head length (HL), head width
(HW), interorbital width (IOW), snout length (SnL), lower
jaw length (LJL), premaxillary pedicel length (PPL), cheek
depth (ChD), eye diameter (ED), lacrimal depth (LaD),
dorsal ﬁn base length (DFB), anal ﬁn base length (AFB),
predorsal ﬁn distance (PRD), preanal ﬁn distance (PRA),
prepectoralﬁndistance(PRP),preventralﬁndistance(PRV),
caudal peduncle length (CPL) and caudal peduncle depth
(CPD). These measurements are typically used in taxonomic
research on cichlids, where they have proven to be useful to
detect small phenotypic diﬀerences, even among conspeciﬁc
populations [35].
Data were explored and analysed using principal compo-
nent analysis on the log-transformed measurements. A cova-
riance matrix was used to calculate the loadings of the
v a r i a b l e sa n dt h es c o r e so ft h es p e c i m e n so nt h ep r i n c i p a l
componentaxes.Loadings ofthevariablesontheﬁrstprinci-
pal component (PC1) were of the same sign and of a similar
magnitude, indicating that this axis can be interpreted as a
proxyforgeneralsize[36].Allcomputationswere performed
in the R software v. 2.11.1 [37].
3.Results
3.1. Genetic Diﬀerences. In C. sp. “Virginalis kajose,” allelic
richness (AR) ranged from 16.46 (Chilumba) to 19.00
(Chenga Trawler), mean number of alleles per locus (Na)
from 17.7 (Chilumba) to 21.7 (Mbenji Island), observed
heterozygosity (HO) from 0.5929 (Nkhudzi Bay) to 0.7326
(Nkhotakota), and average expected heterozygosity (HE)
from 0.7541 (Nkhata Bay) to 0.7854 (Senga Bay) for the
Lake Malawi populations (Table 1). The population from
Lake Malombe showed intermediate AR (16.92), Na (18.2),
and HO (0.6195) and a lower HE (0.7375) compared to the
Lake Malawi populations. In C. chrysonotus, all measures of
genetic diversity (Na,A R , HE)e x c e p tf o rHO were consis-
tently lower in the Lake Malombe population compared to
the Lake Malawi populations (Table 1).
In C. sp. “Virginalis kajose,”1 8o f4 8s i n g l e - l o c u st e s t s
and in C. chrysonotus 7 of 18 single-locus tests for deviation
from Hardy-Weinberg equilibrium were signiﬁcant at a
table-wide Bonferroni-corrected alpha level (αcorr = 0.001
and αcorr = 0.0 0 2f o rt h et w os p e c i e s ,r e s p . )( Table 1).
Most deviations occurred across populations at loci Pzeb1,
UNH002, and TmoM11, all involving heterozygote deﬁcits.
LociPzeb3, Pzeb4,andPzeb5were inagreementwithHardy-
Weinberg equilibrium expectations in 6 of 33 single-locus
tests (Table 1). Linkage disequilibrium tests across loci and4 International Journal of Evolutionary Biology
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Figure 2: Overview of the morphometricmeasurements used inour study. Enumeration followingSnoeks(2004).1 = standard length(SL);
2 = body depth (BD); 3 = head length (HL); 4 = head width (HW); 5 = inter orbital width (IOW); 6 = snout length (SnL); 7 = lower jaw
length (LJL);8 = premaxillary pedicel length (PPL); 9 = cheek depth (ChD); 10 = eye diameter (ED); 11 = lacrimal depth (LaD); 16 = dorsal
ﬁn base length (DFB); 17 = anal ﬁn base length (AFB); 18 = predorsal ﬁn distance (PRD); 19 = preanal ﬁn distance (PRA); 20 = prepectoral
ﬁn distance (PRP); 21 = preventral ﬁn distance (PRV); 22 = caudal peduncle length (CPL); 23 = caudal peduncle depth (CPD).
Table 1: Genetic diversity in two Copadichromis species, genotyped at six unlinked microsatellite loci. N:s a m p l es i z e ;Na:m e a nn u m b e ro f
alleles per locus (direct count); AR: allelic richness (i.e., standardized for minimal sample size 40 and 53); Ho: observed heterozygosity;
He: unbiased expected heterozygosity. For each population, the P values for the single-locus tests for departure from Hardy-Weinberg
equilibrium are tabulated. Populations: Chilumba (CH), Nkhata (NK), Nkhotakota (NO), Mbenji Island (MI), Senga Bay (SB), Chenga
trawl (CT), Nkhudzi Bay (NKU), and Lake Malombe (LM).
(a) Copadichromis sp. “Virginalis kajose”
Lake Malombe Lake Malawi
CT NKU SB MI NO NK CH
N 53 40 61 63 57 48 54 51
Na 18.2 19.0 19.8 20.5 21.7 20.0 18.7 17.7
AR 16.92 19.00 17.59 18.17 18.87 18.88 16.89 16.46
Ho 0.6195 0.7083 0.5929 0.7090 0.6871 0.7326 0.6821 0.683
He 0.7375 0.777 0.7729 0.7854 0.7648 0.7614 0.7541 0.7493
Pzeb1 <0.0001 0.0792 <0.0001 0.0143 0.0179 <0.0001 0.0021 <0.0001
Pzeb3 0.1075 0.2054 <0.0001 0.0052 0.1802 0.8029 0.0306 0.3968
Pzeb4 0.0160 0.4785 0.0141 0.0161 <0.0001 0.2977 0.4464 0.0625
Pzeb5 0.0001 0.0030 <0.0001 0.6380 0.6631 0.1240 1.0000 0.3285
UNH002 <0.0001 <0.0001 0.0068 0.4499 <0.0001 1.0000 0.0295 0.0413
TmoM11 <0.0001 0.5857 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
(b) Copadichromis chrysonotus
Lake Malombe Lake Malawi
NO CH
N 54 65 53
Na 13.7 18.5 15.8
AR 13.61 17.51 15.80
Ho 0.6574 0.6718 0.6132
He 0.7265 0.7681 0.7776
Pzeb1 <0.0001 0.0029 0.0012
Pzeb3 0.1486 0.1504 <0.0001
Pzeb4 0.6093 0.1347 0.0305
Pzeb5 0.0104 <0.0001 <0.0001
UNH002 0.0146 0.0503 0.0002
TmoM11 0.5840 0.1782 <0.0001International Journal of Evolutionary Biology 5
Table 2: Pairwise values of FST (below the diagonal) and associated P values (above the diagonal) among eight C. sp. “Virginalis kajose”
populations (codes following Table 1).
Lake Malombe Lake Malawi
CT NKU SB MI NO NK CH
LM — <0.0001 0.0021 <0.0001 <0.0001 0.2393 0.0002 <0.0001
CT 0.009 — <0.0001 0.0253 0.0807 0.0002 0.0451 <0.0001
NKU 0.005 0.007 — <0.0001 <0.0001 0.0006 0.0178 <0.0001
SB 0.007 0.001 0.007 — <0.0001 0.0055 0.0688 <0.0001
MI 0.010 0.002 0.006 0.005 — <0.0001 0.0424 <0.0001
NO 0.003 0.011 0.011 0.007 0.011 — <0.0001 <0.0001
NK 0.006 0.007 0.004 0.001 0.002 0.008 — <0.0001
CH 0.011 0.010 0.015 0.010 0.008 0.013 0.009 —
Table 3: Pairwise values of FST (below the diagonal) and associated
P values (above the diagonal) among three C. chrysonotus popula-
tions (codes following Table 1).
Lake Malombe Lake Malawi
NO CH
LM — <0.0001 <0.0001
NO 0.01547 — <0.0001
CH 0.01430 0.00780 —
populations revealed no signiﬁcant allelic associations in C.
sp. “Virginalis kajose”n o ri nC. chrysonotus (all P>. 05).
Microsatellite data provided no evidence for a recent
bottleneck in both species. We found no signiﬁcant excess in
gene diversity in any population. Concordantly, the mode-
shift tests implemented in bottleneck showed no shift in the
frequency distributions of microsatellite alleles. As expected
for nonbottlenecked populations, all populations showed L-
shaped allele frequencies.
In both species, we detected low but signiﬁcant pop-
ulation structuring. The global measure for population
diﬀerentiation across Lake Malombe populations was FST =
0.005 (P<. 001) in C. sp. “Virginalis kajose”a n dFST =
0.008 (P<. 001) in C. chrysonotus. Pairwise FST values
are presented in Tables 2 and 3.F o rC. sp. “Virginalis
kajose,” the measures for genetic diﬀerentiation between
the Lake Malombe population and the populations from
Lake Malawi were of the same order of magnitude as
the genetic diﬀerentiation among populations within Lake
Malawi (Table 2). For C. chrysonotus, the level of genetic
diﬀerentiation between the Lake Malombe population and
the Lake Malawi populations was higher than the level of
genetic diﬀerentiation among the Lake Malawi populations
(Table 3).
In the complete mtDNA dataset of 135 sequences, a
total of 42 variable sites (ntotal = 325bp) resulted in 40
haplotypes. The 98 sequences of C. sp. “Virginalis kajose”
contained 36 polymorphic sites resulting in 32 haplotypes
(Figure 3). The 37 C. chrysonotus sequences with 18 variable
sitesrepresented9haplotypes(Figure 4).GenediversityinC.
sp. “Virginalis kajose” ranged from 0.47 (Senga Bay) to 0.87
(Nkhudzi Bay) (Table 4). In C. chrysonotus, gene diversity
was markedly lower ranging from zero (Lake Malombe)
to 0.67 (Nkhotakota). Nucleotide diversity varied from
0.0037 (Nkhotakota) to 0.0263 (Nkhudzi Bay) in C. sp.
“Virginalis kajose” and from zero (Lake Malombe) to 0.0180
(Nkhotakota) in C. chrysonotus. The only haplotype shared
betweenthetwospeciesoccurredinasingle C. sp.“Virginalis
kajose” from Lake Malombe (indicated with an asterisk in
Figure 3)a n di n2 8C. chrysonotus from Lake Malombe (n =
13), Nkhotakota (n = 7,) and Chilumba (n = 8, indicated
with an asterisk in Figure 4). Of the seven haplotypes found
in C. sp. “Virginalis kajose” from Lake Malombe, six are also
present in Lake Malawi, which contained 30 haplotypes in
total. The haplotype that is unique to Lake Malombe diﬀers
by a single mutation (T to C) from a widespread haplotype,
present in ﬁve populations from Lake Malawi.
3.2. Body Size Diﬀerences. In both species, the specimens
from Lake Malombe were smaller with an average SL of
55.1 ± 2.3 mm and 73.1 ± 6.8mm for C. sp. “Virginalis
kajose”a n dC. chrysonotus, respectively, compared to 90.2 ±
12.4mm and 108.7 ± 11.4mm in the populations from Lake
Malawi.
3.3. Morphometric Diﬀerences. For C. sp. “Virginalis kajose,”
PCA on the log-transformed measurements did not allow us
to discriminate the Lake Malombe population from the Lake
Malawi populations. The individual principal component
scores overlapped largely on all PC axes for the specimens
from both lakes (MANOVA, F(17,113) = 1.0889, P = .3731),
except on PC1 which is a proxy for size. This overlap
is illustrated for the scores on PC2 and PC3 in Figure 5.
The variables that loaded most on PC2 were anal ﬁn base
length, caudal peduncle depth, body depth and eye diameter
(Supplementary Table 1, see in Supplementary Material
available at doi: 10.4061/2011/835946).
For C. chrysonotus, the specimens from Lake Malombe
could not be distinguished from the Lake Malawi specimens
by their scores on the principal component axes (MANOVA,
F(17,53) = 0.4062, P = .9781; see Figure 6). The variables
that loaded most with PC2 were eye diameter, anal ﬁn base6 International Journal of Evolutionary Biology
1 Size is proportionate to the number of sequences
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Figure 3: Haplotype network for the C. sp. “Virginalis kajose” sequences (based on 325bp fragments of the mtDNA control region). The
haplotype indicated with an asterisk is the haplotype that is shared with C. chrysonotus (see Figure 4).
length, lower jaw length, body depth, and caudal peduncle
depth (Supplementary Table 2).
4.Discussion
4.1. Genetic Diﬀerentiation. Peripheral populations at the
edge of a species’ range are often less numerous than and
isolated from core populations. Consequently, gene ﬂow
will be reduced, and stochastic demographic events such
as bottlenecks, founder eﬀects, and genetic drift may lead
to a substantial loss of multilocus heterozygosity and allelic
variation [1–3, 38]. In addition, elevated ﬁshing mortality
may also lead to a reduction in genetic variability perhaps
owing to a selection response [39, 40], though at present
the evidence of genetic change resulting from ﬁshing is
not unequivocal [41]. Populations of Copadichromis sp.
Virginalis kajose and C. chrysonotus from Lake Malombe
were expected to present reduced genetic variability when
compared to their source populations in Lake Malawi
because of their semi-isolated state, the distinct habitatInternational Journal of Evolutionary Biology 7
Table 4: Genetic diversity in two Copadichromis species based on a 325 bp mtDNA D-loop sequence. Sampling sites encoded as in
Table 1. Genbank accession numbers for Copadichromis sp. “Virginalis kajose”: EF211832-211842, EF211848-211859, EF211868-211878,
and EF647209-647272; Genbank accession numbers for C. chrysonotus: EF647273-647309, and EF647320-647331.
(a) Copadichromis sp. “Virginalis kajose”
Lake
Malombe
Lake Malawi
Population code LM CT CH NO NK MI SB NKU
Sample size 21 10 12 11 10 12 11 11
Number
haplotypes 75567636
Number
polymorphic
sites
22 17 6 5 22 15 15 19
Gene diversity 0.810 ±
0.004
0.667 ±
0.027
0.788 ±
0.008
0.727 ±
0.021
0.867 ±
0.011
0.682 ±
0.022
0.473 ±
0.026
0.873 ±
0.005
Average
pairwise
diﬀerence
6.981 3.4000 2.136 1.200 4.867 3.045 2.873 7.673
Nucleotide
diversity
(average over
loci)
0.02161 ±
0.00002
0.01053 ±
0.00004
0.00659 ±
0.00001
0.00370 ±
0.00001
0.01507 ±
0.00005
0.00943 ±
0.00003
0.00889 ±
0.00004
0.02375 ±
0.00003
(b) Copadichromis chrysonotus
Lake Malombe Lake Malawi
Population code LM CH NO
Sample size 13 12 12
Number haplotypes 1 5 5
Number polymorphic sites 0 15 15
Gene diversity 0 0.576 ± 0.027 0.667 ± 0.020
Average pairwise diﬀerence 0 3.727 5.833
Nucleotide diversity (average over loci) 0 0.01150 ± 0.00003 0.0180 ± 0.00002
conditions and elevated ﬁshing pressure in the peripheral
Lake Malombe.
We found low levels of population substructuring both
within and among lakes, indicating that the studied ﬁsh
speciesarerelativelymobileandsuggestingrecentorongoing
gene ﬂow between Lake Malawi and Lake Malombe pop-
ulations. Lake Malombe is believed to have reﬁlled around
the 1930s [9], so the Lake Malombe population represents a
relatively recent peripheral isolate. Furthermore, it has been
shown that the Upper Shire River is used by various ﬁsh
species migrating between the lakes [42], and this could
probably also be the case for the two studied Copadichromis
species. Despite the low degree of population subdivision,
both species yielded a slightly decreased genetic diversity
in Lake Malombe, especially for C. chrysonotus. We assume
that the observed diminution in genetic variability is not
caused by the high ﬁshing mortality, because if true, we
would rather expect a signiﬁcant loss of genetic variation
in C. sp. “Virginalis kajose” for which catch sizes in Lake
Malombe have already declined [12]. Instead, a founder
eﬀect, that is, a population bottleneck associated with the
colonization of Lake Malombe, may have been of principal
importance for the observed lower genetic variation in
these populations. Our microsatellite data did not however
indicate for a heterozygosity excess nor a mode shift in the
allele distribution pattern. Population bottlenecks of short
duration are expected to substantially reduce the number
of alleles present while having less eﬀect on multilocus
heterozygosity [43]. Moreover, our low sample sizes with
respect to the high allelic richness may have lead to an
artiﬁcial large proportion of low-frequency allele classes
resulting in L-shaped allele frequency distributions and
could therefore have inﬂuenced the robustness of the mode-
shift test. Also, it is important to note that 18 of 48 single-
locus tests in C. sp. “Virginalis kajose”a n d7o f1 8i n
C. chrysonotus showed a deﬁcit in heterozygotes. Most of
the observed Hardy-Weinberg disequilibria were detected at
three loci (Pzeb1, UNH002, and TmoM11) and are likely the
result of the presence of nonamplifying null alleles (see [44]
and references therein).
Inspection of the distribution pattern of mtDNA hap-
lotypes provides support for the hypothesis of a natural
founder eﬀect with a diﬀerent impact on each species. The
single mtDNA haplotype detected in C. chrysonotus from
Lake Malombe is the most common haplotype found for
that species in Lake Malawi, with frequencies that exceed8 International Journal of Evolutionary Biology
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Figure 4: Haplotype network for the C. chrysonotus sequences
(based on 325bp fragments of the mtDNA control region). The
haplotype indicated with an asterisk is the haplotype that is shared
with C. sp. “Virginalis kajose”( s e eFigure 3). The legend is given in
Figure 3.
58% in each of the sampled populations. Consequently, a
stochastic shift in haplotype variation associated with the
founding event, or genetic drift following colonization, may
h a v er e s u l t e di nt h ep r e s e n c eo fo n l yt h i sh a p l o t y p ei nL a k e
Malombe for C. chrysonotus. Following the same reasoning,
it appears logic that the change in haplotype variation was
less pronounced for C. sp. “Virginalis kajose”b e c a u s eo ft h e
generallyhigherhaplotypediversity in itssource populations
from Lake Malawi (Hmean = 0.725 versus Hmean = 0.520
for C. chrysonotus). Moreover, of the six haplotypes detected
in the southernmost C. sp. “Virginalis kajose” population
(Nkhudzi Bay), only the four most abundant ones are found
in Lake Malombe.
4.2. Body Size Diﬀerences. Reduction in size at maturity
is a predictive outcome of ﬁshing pressure, either through
ﬁsheries-induced evolution or through phenotypic plas-
ticity [45–47]. Reduction in body size was observed for
heavily ﬁshed cichlid species, such as tilapia [48]a n d
haplochromines from Lake Victoria [49, 50]. For both
species in this study, the mean body size was signiﬁcantly
smaller in Lake Malombe than in Lake Malawi, which is
in agreement with the hypothesis of a ﬁshery pressure
eﬀect, although we cannot exclude the possibility that body
size is aﬀected by environmental eﬀects. In any case, it is
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unlikely that the diﬀerences in body sizes are due to possible
sampling artefacts, as our results are consistent with body
sizes reported by Weyl et al. [12] from repetitive samples
from Lake Malombe between March 2000 and April 2001.International Journal of Evolutionary Biology 9
4.3.MorphologicalDiﬀerentiation. Mayr [3]pointedoutthat
populations at the edge of a species’ range often diverge in
morphology from central populations. Peripheral popula-
tions are likely to experience diﬀerent regimes of ecological
selection than central populations, often leading to adaptive
divergence [4, 51]. In East African haplochromine cichlids,
ecological adaptation is suggested to be one of the major
mechanisms behind their explosive radiation [5, 52–54]. As
such, smaller isolated peripheral water bodies may be of
signiﬁcantimportance tothediversiﬁcationofcichlidspecies
in the East African Great Lakes by generating novel pheno-
types in allopatry [3, 4, 8].
Lake Malombe’s distinct habitat conditions (e.g., its
shallow, eutrophic, turbid water state in contrast to the great
visibility in themuch deeperLake Malawi [9]) would suggest
an adequate basis for ecological diﬀerentiation leading to the
generation of local phenotypes. Nonetheless, we found that
peripheral populations of two Copadichromis species in Lake
Malombe could not be distinguished morphologically from
central populations in Lake Malawi. Theory predicts that
adaptive divergence between populations reﬂects a balance
between the diversifying eﬀects of local selection and the
homogenizing eﬀects of gene ﬂow [4, 55, 56]. Although
morphological diﬀerentiation can occur in the face of gene
ﬂow, particularly when divergent selection is strong (see
[57] and references therein), gene ﬂow will often constrain
morphological divergence [56]. The low degree of popula-
tion subdivision as revealed by our microsatellite data seems
to support the idea that gene ﬂow between Lake Malombe
and Lake Malawi populations is too substantial to allow for
morphological divergence. Alternatively, it could also be that
ecological divergence here is not manifested by divergence in
shape, but rather by (e.g., physiological) adaptations which
could not be perceived by our measurements.
5.Conclusion
Young peripheral populations of two Copadichromis species
in Lake Malombe, connected to Lake Malawi via the Shire
River, showed low genetic divergence and were morphomet-
rically not distinct from their source populations in the main
lake. This may be attributed to either homogenizing ongoing
gene ﬂow through the Shire River or very recently time since
isolation of the populations in the satellite lake. Nonetheless,
e v i d e n c ew a sf o u n df o raf o u n d e re v e n tw i t had i ﬀerent
impact on the genetic composition of the two species. We
did not ﬁnd direct evidence for a ﬁsheries-induced impact
on the genetic variability. Instead, body size for both species
was signiﬁcantly reduced in Lake Malombe, which could be
a consequence of high ﬁshing pressure and the use of small
mesh sizes.
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